ADDITIONAL INDEX WORDS. Juglans regia, Inflorescence, colloidal gold, immunohistochemical, auxin ABSTRACT. We used anti-indole-3-acetic acid (IAA) monoclonal antibodies to monitor the temporal and spatial pattern of IAA during pistillate flower bud differentiation in the walnut (Juglans regia) cultivar Liaoning 1. Based on morphological changes, the process of pistillate flower bud differentiation was divided into five stages. The flower induction stage, which includes the early phase, midphase, and late phase, persisted from 25 Apr. to the end of May. The pedicel differentiation stage began on 5 June. The bract primordium stage began on 25 June and persisted through mid-March of the next year. Both the perianth and pistil differentiation stages persisted for nearly 2 weeks. During the floral induction period, little IAA was present in the shoot apical meristem (SAM); hence, the SAM may not always be a site of IAA production. IAA was obviously concentrated in cells of the first several layers of the SAM during pedicel primordium formation. High levels of IAA were also noted in the phyllome, young leaf tips, and vascular bundle of leaves and gemmae. This direct evidence indicates that no close relationship exists between IAA and physiological differentiation; instead, IAA may strongly affect morphogenesis. These findings comprise a first step toward elucidating the walnut flowering mechanism.
The plant hormone and signaling molecule auxin plays a key role during flower formation, organogenesis, and diverse physiological processes (Kamil et al., 2007; Valentina et al., 2008; Wu et al., 2008) . The course of flower bud differentiation is crucial for processes of agriculture, horticulture, and plant breeding because flowering is the first step in sexual reproduction. Luckwill (1970) first demonstrated that auxin/cytokinin balance controls flower formation, and physiological and molecular studies on arabidopsis (Arabidopsis thaliana) have shown that IAA and auxin polar transport are almost certainly essential for flower formation (Aaron et al., 2003; Aloni et al., 2006; Li et al., 2009) . The relationship between IAA and flower formation in perennial woody plants has been studied by highperformance liquid chromatography [HPLC (Guo et al., 2010; Li et al., 1996; Liu et al., 2007) ], which indicated that high levels of IAA promote flower bud induction in apple trees (Malus pumila), whereas low levels promote flowering in loquat (Eriobotrya japonica) and chestnut (Castanea mollissima). Thus, the role of IAA is not uniform among plant species. Although few studies have investigated flower formation in walnut, Gao et al. (2010) , Polito and Li (1985) , and Xia and Xi (1989) examined walnut morphology and the period of flower bud differentiation. In addition, HPLC has been used to analyze endogenous auxin during flower bud differentiation in this tree species. Tong and Hao (1991) determined that IAA levels in the reproductive terminal bud are always low, especially marked during floral induction. Ferhad et al. (2010) found little difference in IAA levels between the two terminal shoot types, but the trends (increase first, then decrease, and increase finally) in IAA levels were similar to those reported by Tong and Hao (1991) . IAA levels are related to walnut flower bud differentiation, but the pattern does not precisely reflect the distribution of auxin in tissues.
Determination of in situ auxin levels would represent an important step toward a better understanding of the biological significance of the hormone in developing tissues. Immunocytochemical techniques make practical use of differential combinations between antigens and antibodies. The methodology has evolved rapidly in biological and medical research and is a very important procedure for describing auxin distribution in plants (Dewitte and Van, 2001) , facilitating the localization of auxins in situ. Monoclonal antibodies against IAA have been used in maize [Zea mays (Kerk and Feldman, 1995; Shi et al., 1993; Vysotskaya et al., 2007) ], peanut [Arachis hypogaea (Moctezuma, 1999) ], sunflower embryos [Helianthus annuus (Thomas et al., 2002) ], arabidopsis tissues (Aloni et al., 2003; Orna et al., 2002) , strawberry [Fragaria ·ananassa Huang, 2004, 2005) ], and poplar 741 [Populus alba · (P.davidiana · P. simonii) · P. tomentosa (Dong et al., 2011) ]. However, the distribution of IAA during walnut flower formation is unknown.
We describe the spatial distribution of endogenous IAA and its dynamics during walnut flower differentiation using an immunohistochemical approach. We provide a substantial contribution to understanding of the IAA mechanism at the cellular level during flower bud differentiation. This work will promote improved production and breeding of walnut.
Materials and Methods
PLANT MATERIAL. We used the protandrous precocious walnut cultivar Liaoning 1. Trees that were grown for 9 years in Hebei province (lat. 39°26#31.40$ N, long. 115°31#53.72$ E) turned into steady reproductive growth and grew moderately. During flower bud differentiation (Apr. 2010 to Mar. 2011), we excised 20 terminal buds from the crown periphery of five trees every 3 or 5 d, discarded the squama, and fixed specimens for anatomical observation and IAA immunohistochemical study.
ANATOMICAL OBSERVATION OF FLOWER BUD DIFFERENTIATION. Excised samples were immediately fixed in freshly prepared 5% formaldehyde, 5% acetic acid, 70% ethanol for at least 24 h, dehydrated through a series of ethanol steps (70%, 85%, 95%, 100%), cleared in dimethylbenzene, and embedded in paraffin. Vertical sections of 8 mm thickness were cut with a rotary microtome (RM 2125RT; Leica, Wetzlar, Germany), transferred to glass slides, dried overnight, and stained with safranin-fastgreen (Sigma, St. Louis, MO). Photographs were taken on a microscope (BX41-12P02; Olympus, Tokyo, Japan). Three replicates were used for each sampling (Fig. 1) .
INDOLE-3-ACETIC ACID IMMUNOHISTOCHEMICAL LOCALIZATION. Excised samples were immediately fixed in a 2% (w/v) aqueous solution of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide [EDC (Sigma)] for 2 h under vacuum, post-fixed overnight in a solution containing 4% paraformaldehyde and 2.5% glutaraldehyde at 4°C, and rinsed in phosphate buffer (0.2 M, pH 7.2) followed by dehydration in a graded ethanol series.
For immunohistochemical observation by light microscopy, samples were embedded in paraffin and sectioned to 8 mm thickness (vertical sections and cross-sections). Sections were transferred onto glass slides. After overnight drying at 45°C, sections were deparaffinized with xylene and hydrated in an ethanol/water series. The procedure for immunolocalization of IAA followed Holgate et al. (1983) salt rinse solution [0.05 M Tris buffer pH 7.6 (TBS), 0.3% (v/v) Triton X-100, 5% (w/v) BSA], blocked out again, and incubated for 1 h at 37°C with the gold-labeled goat antimouse IgG (10 nm diameter) diluted 1:50 in TBS/BSA solution. After washing, the sections were submitted to the silver-enhancement reaction in a staining solution [0.1 M citrate buffer (pH 3.5), 1.7% (w/v) hydroquinone, 0.1% (w/v) silver nitrate, 5% (w/v) acacia]. As the color developed (20 min) on the sections, they were rinsed twice in water, dehydrated, mounted, observed, and photographed using a microscope (Olympus) (Fig. 2) .
To verify the reliability of the immunolocalization technique and specificity of the anti-IAA antibodies, three negative controls were included. First, EDC was omitted during prefixation; second, the primary IAA antibody was omitted; and third, the secondary IAA antibody was omitted. All other procedures were performed as usual. Treatments were repeated three times.
INDOLE-3-ACETIC ACID SEMIQUANTITATIVE ANALYSIS. The distribution of IAA during flower bud differentiation in walnut flower bud was revealed by reddish brown silver particles in stained sections (such as Fig. 3A) . For each tissue, 30 oil immersion light micrographs (100· objective lens, 10· ocular lens) were taken at each stage of walnut pistillate flower bud differentiation. Using the image analysis software Image-Pro Plus6.0 (Media Cybernetics, Silver Spring, MD), we searched for silver particles, counted the number of unit areas, and then analyzed the distribution of IAA in different developing parts. The labeling density is presented as the number of silver particles per 100 mm 2 . All treatments were repeated at least three times, and all samples were analyzed three times. Analysis of variance was performed, and significant differences between pairs of means were determined using a multiple-range test. Significance was assumed at P < 0.05.
Results

ANATOMY OF FLOWER BUD DIFFERENTIATION.
The whole process of flower bud differentiation lasted 1 year across the 2 years. Five phases were distinguished based on anatomical structure. These were the floral induction period with three stages, the pedicel, bract, perianth, and pistil differentiation periods. Flower bud differentiation began on 25 Apr. 2010. In the initial stages, the apex was wrapped in several pea green squamas forming a semicircle. Subsequently the apex became even and elongated, and leaf primordia formed gradually over the following 15 d after early phase [10 May 2010 to 20 May 2010 (Fig. 1A-1C) ]. During the period of morphological differentiation through 5 June 2010, each of the stages lasted 2 weeks; changes were more marked thereafter. During the pedicel period, cells of apical meristem divided periclinally and pedicel primordia were erect (Fig. 1D) . By 25 June 2010, the interspace of the SAM had hollowed and each side formed a protuberance, which was the bract primordium (Fig. 1E) . This state persisted until the second year. During the perianth primordia period (10 Mar. 2011), two protuberances formed; (Fig. 2D) ; (C) the distribution of IAA in SAM during perianth period (Fig. 2G) ; (D) the distribution of IAA in young leaf. IAA was mainly distributed in the vascular bundles of young leaf. In the SAM, IAA increased when morphogenesis (B); VB = vascular bundles; bar = 10 mm.
these were perianth primordia (Fig. 1F) . After 2 weeks, bracts and perianths were mature and the inside of the perianth was pistil-shaped [30 Mar. 2011 (Fig. 1G) ].
INDOLE-3-ACETIC ACID IMMUNOHISTOCHEMICAL LOCALIZATION IN FLOWER BUD TISSUES.
We examined the distribution of IAA through differentiation periods of the flower bud and leaf primordia using anti-IAA monoclonal antibodies (Fig. 2) . In the early phase of floral induction, little IAA was present in the apex, but much larger quantities occurred in tender squama and vascular bundles ( Figs. 2A and 2I ). During flower bud differentiation, the level of IAA was higher in the apex than during the early phase but less than in leaf primordia and young leaves (Figs. 2B, 2C , 2J, 3A, and 3D). When morphogenesis began, IAA was concentrated in the first several layers of the SAM (Fig. 3B) . IAA also occurred at high concentration in leaf primordia and vascular bundles (Fig. 2C) . Little IAA was present during early bract differentiation. The highest level of IAA was in the SAM (under the first layer). The content of IAA decreased as trees moved into winter dormancy (Fig. 2F) . The flower bud resumed differentiation in March of the second year. Perianth and pistil primordia formed in sequence. Vascular bundles contained high levels of IAA (Fig. 2G-H) .
We verified the effectiveness of the immunolocalization technique and the specificity of the antibody with several control procedures. Because the monoclonal antibody was raised against free IAA crosslinked to BSA through its carboxyl group (Leverone et al., 1991) , we tested unfixed tissues for the silver development reaction. No silver particles comparable to those in prefixed longitudinal flower bud sections (Fig. 4A) developed, indicating that prefixation with EDC is essential for free IAA detection by this antibody. When the primary (Fig. 4B ) or secondary antibodies (Fig. 4C) were omitted, no signal was observed, suggesting that the silver development reaction is dependent on the presence of these antibodies in the tissue sections. SEMIQUANTITATIVE ANALYSIS OF INDOLE-3-ACETIC ACID. Immunological and statistical data derived from analyses with Image-Pro Plus are depicted in Figures 5 and 6 . The IAA signal was distributed widely among the SAM, young leaves, phyllomes, and vascular tissues, especially in splitting cells. The silver particles in the SAM stayed at a low level during the period of physiological differentiation and increased markedly when morphological differentiation began. With the onset of dormancy, the IAA signal decreased (P < 0.05). In the next year, the IAA signal strengthened as differentiation processes became accelerated (Figs. 3A-3C and 5 ). The number of silver particles in vascular tissues, young leaves, and pedicel decreased during dormancy. The trend in IAA distribution was decreased and then increased. We counted the numbers of silver particles in organs at different development stages and found that they were more concentrated in tissues undergoing differentiation. The numbers of silver particles in leaves and the vascular bundle keep high relatively (Fig. 6 ).
Discussion
WALNUT PISTILLATE FLOWER FORMATION. Although the anatomical structure and differentiation processes of walnut pistillate flower formation have been studied for many years, we were able to make novel observations. Five differentiation periods were recognized in our study, and the floral induction period was divided into three stages by anatomical structure (Fig. 1) . In other studies, only one stage was recognized during the physiological period (Li et al., 2011; Xia and Xi, 1989) , whereas the midphase was a key process for the beginning of floral induction.
INDOLE-3-ACETIC ACID DISTRIBUTION IN THE WALNUT FLOWER BUD DURING FLOWER FORMATION.
Auxin is a key hormone for flower formation. Most investigations of its effect on flowering have focused on quantitative analysis of IAA using diverse methods and on observations of flower characteristics after application of exogenous auxins or their inhibitors (Ferhad et al., 2010; Jia and Xiao, 2006; Tong and Hao, 1991) . Studies on mutant arabidopsis have shown that disruption of auxin polar transport does not appear to prevent the transition from vegetative to reproductive growth, although it affects the formation of normal flower organs (Chen and Zhao, 2007; Gälweiler et al., 1998; Reinhardt et al., 2000) . To date, the action of IAA in the walnut flower formation process has not been clearly elucidated. We showed that the IAA signal in walnut was distributed throughout the phyllome, young leaves, and vascular bundle tissues (Fig. 2) with little localization in the SAM during the flower induction period ( Fig. 2A-C) . As differentiation of the flower bud progressed, the IAA signal became concentrated in the SAM during the pedicel period (Fig. 2D) . We suggest that IAA may not be correlated with the induction of flowers; instead, IAA accumulation in the SAM appears to induce morphogenesis, which is in agreement with studies on arabidopsis (Aloni et al., 2006) . Although the results of our quantitative analysis (Fig. 5 ) are in accord with those of Tong and Hao (1991) , we were better able to study the exact distribution of IAA. Dissecting out a few layers of cells for precise content analysis of SAM by HPLC [the procedure used by Tong and Hao (1991) ] is exceedingly difficult because of contamination from other tissues such as the phyllome, young leaves, and vascular bundle tissues. In this study we selected 'Liaoning 1' for representation to investigate the distribution of IAA during flower bud differentiation. The environment and cultivars may affect the starting time and speed of walnut flower bud differentiation; however, the process will not be changed (Li et al., 2011; Polito and Li, 1985; Zhang et al., 1995) . Therefore, our study is universal.
Auxin transport may promote flowering, as shown by a study of the arabidopsis mutant pin-1 phenotype (Oka et al., 1999) . The site of IAA production and its route of transport have also been investigated for several years. A general consensus holds that IAA, which plays a major role in regulating tissue differentiation and organogenesis, is produced in the SAM (Avery, 1935; Bartel, 1997) . However, a conflicting view has been recently proposed. According to this new view, IAA is transported to the SAM rather than produced there (Orna et al., 2002) . A component of this new view is the ''IAA flow model,'' which is used to describe the temporal and spatial pattern of IAA flow in the shoot apex. In our study, little IAA was present in the SAM at the onset of floral induction, but concentrations were always relative high in the phyllome and vascular bundles (Fig. 2 A-C) . We assume that IAA production may not always occur in the SAM or be influenced by consumption or export and that hormone detected there may have been transported from the phyllome, young leaves, or vascular bundles, where production occurs. These assumptions are tenuous and further study is required to determine the sites of IAA production and transportation in walnut.
